Dye dilution was compared with pulsed doppler for the measurement of cardiac output in eighteen children being ventilated after cardiac surgery. The mean difference between the two techniques was -0.04I1min (dye minus doppler) with 95% confidence limits of 0.25 IImin and -0.33I1min over a cardiac output range 0.27-6.12I1min; this difference is not significant. Calculation of the product-moment correlation coefficient showed a close relationship between the dye dilution and doppler methods with r = 0.97. Pulsed doppler is a new noninvasive technique that can be used instead of dye dilution for the measurement of cardiac output in co-operative or anaesthetised children.
(pulsed doppler). Because they are noninvasive and easy to perform, the doppler techniques may be very useful, but their accuracy needs to be demonstrated. A study comparing cardiac output measured by dye dilution and pulsed doppler was performed in children who had had cardiac surgery to determine the feasibility of using doppler echocardiography instead of our currently employed invasive technique. METHODS Eighteen children were studied after they had undergone cardiac surgery on cardiopulmonary bypass; all were being mechanically ventilated. Their body weights ranged from 3.5 to 80 kg and their ages varied from one month to twelve years. Pulsed doppler cardiac output was measured first, followed within a minute by dye dilution measurement at the same phase of the respiratory cycle. The pulsed doppler values were unknown to the operator of the dye dilution machine. Each measurement was performed three times and averaged. Two patients scheduled for study were excluded Anaesthesia and Intensire Care. Vol. 16. No. 3, August, 1988 because of intracardiac shunting detected from dye dilution curves.
Pulsed doppler derived cardiac output measurement was performed with a Vingmed SO-lOO (Vingmed Horten, Horten, Norway). This unit has pulsed doppler, continuous wave doppler, M-mode ultrasound and ECG capabilities. A computer is incorporated which calculates cardiac output from the product of the ayerage velocity during systole and the aortic cross-sectional area. Updated cardiac output may be displayed every 2.5 seconds or after every ten ECG complexes. The axial dimension of the sample volume used was 3 mm for infants and 5 mm for children.
The doppler principle is utilised to determine the velocity of a target: in this case, red blood cells in the ascending aorta. The velocity (V) is calculated from the change in frequency of reflected sound where V = L:,fc/2fo Cos e (L:,f = change in frequency; c = sound velocity in blood; fo = transmitting frequency; e = angle of insonance, or the angle between the beam of ultrasound and the direction of blood flow). Typical velocities recorded were 0.8-1.2 m/sec. A doppler probe, incorporating a 2 or 3 mHz transducer, is directed from the suprasternal notch towards the aortic root ( Figure 1 ). The angle of insonance with this technique is usually less than 15°, and no correction is necessary for calculation of the true velocity (Cos eo = 1.000, Cos 15" = 0.9659); errors in angulation result in underestimation of the true velocity. The average velocity during systole is calculated automatically by spectral analysis of the maximum velocity profile using Chirp-Z transform as the mathematical algorithm. Use of the pulsed doppler facility permits localisation of velocity measurement within a sample volume at a specified depth below the transducer. This function is performed by time-gating reflected sound. The location of velocity measurement should theoretically be where blood flow is laminar and with a flat leading edge so that the portion of the flow studied represents flow across the total area, i.e. the maximum velocity detected represents the average spatial velocity. A profile of M-mode echocardiography, using a 5.0 mHz transducer for infants and small children or a 3.5 mHz transducer for older children, was used to identify the aortic root from a parasternal intercostal space ( Figure 2 ). The internal diameter of the aortic root (trailing posterior edge of the anterior wall to the leading anterior edge of the posterior wall) was measured at end-systole over three cycles and averaged ( Figure 3 ). The diameter is entered into the computer and thereafter the cardiac output is computed automatically. All doppler recordings were performed by one of the authors (JT) while the dye dilution was performed by one of the technicians (AO or MH).
Dye dilution cardiac output was measured with a COR-I00A Cardiac Output Recorder (Waters Instrument Inc, Minnesota, U.S.A.) using indocyanine green. The injectates were made into left atrial catheters and blood was sampled from peripheral artery catheters.
Analysis of the data was performed by calculation of the mean of the differences between the two measurements of cardiac output in each child as recommended by Bland and Altman 9 and also by linear regression analysis. output measured by dye dilution and pulsed doppler is illustrated in Figure 4 . The mean cardiac output by dye dilution was 2.02 IImin (range 0.23-5.76 IImin) and by doppler was 2.06 l/min (range 0.27-6.12 l/min). The product-moment correlation coefficient (r) was 0.97 (P< 0.01). The regression equation, calculated by the least squares method, was doppler cardiac output = (l.03 X dye dilution cardiac output) -0.02 l/min. Figure 5 shows the differences between the paired measurements of cardiac output (l/min) measured simultaneously by dye dilution and doppler in each child plotted against the paired averages obtained by the two techniques. The differences were normally distributed. The mean difference between dye and doppler was -0.04 IImin (dye minus doppler), with a standard deviation of 0.14 IImin and 95% confidence limits of 0.25 IImin to -0.33 IImin. The standard error of the mean was 0.03 IImin. The range of the difference was 0.32 IImin to -0.36 l/min (dye minus doppler). Dye Dilution Cardiac Output I/min The mean cardiac index by dye dilution was 3.65 lImin/m 2 (range 1.05-5.68) and the mean cardiac index by doppler was 3.73 lImin/m 2 (range 1.22-5.94). The mean difference of the cardiac indices by dye and doppler was -0.08 lImin (dye minus doppler) with a standard deviation of 0.24 lImin and 95% confidence limits of 0.43 l/min to -0.59 lImin. The range of the differences was 0.64 lImin/m 2 to -0.37 I/min/m2.
Mechanical ventilation did not interfere with the doppler examination in any patient although aortic flow velocity occasionally fell during inspiration.
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DISCUSSION
Doppler-derived cardiac output has a wide applicability to critical care medicine and anaesthesia, where measurement of cardiac output may be utilised, for example, to optimise mechanical ventilation, inotropic and vasodilator therapy and cardiac filling pressures. The technique is noninvasive, can be performed repeatedly and may be learnt fairly easily. However, reliable measurement with doppler techniques is dependent upon correct selection of patients and an understanding of the potential sources of error.
From the suprasternal notch, a beam of ultrasound can be directed with a low angle of insonance into flow in the ascending aorta. Patients with a neck deformity or with a rightsided aortic arch are difficult to study. Patients with congenital heart disease in whom the angulation of the aortic root is abnormal, such as in transposition of the great arteries, are also not easily studied. Ideally, for accurate extrapolation to total flow, the volume of the blood sampled by the sound waves should be laminar and have a flat crosssectional velocity profile. The ultrasound beam studies a part of the area of flow. Aortic blood flow cannot be quantified accurately in patients who have a turbulent flow such as occurs in aortic stenosis, aortic incompetence or artificial valves because the volume sampled may not be representative of total cross-sectional flow. Patients with mediastinal or surgical emphysema cannot be studied because ultrasound is refracted by gases. Cardiac output measurement during head and neck surgery or during aortic surgery would be impracticable.
Potential sources of error in technique include angulation of the transducer and inaccurate measurement of the aortic crosssectional area and aortic flow velocity. Errors of less than 15° in the angle of insonance may be disregarded (Cos 15° = 0.9659). A careful search for the maximum velocity with a high quality audio signal and a characteristic visual flow profile indicate that the ultrasound beam is directed optimally. The greatest source of error is usually the estimation of the aortic cross-sectional area, which is commonly calculated from a measurement of the aortic diameter at the aortic root with the assumption that the vessel is circular and that the area does not change during systole. In fact, the area of the aortic root changes by approximately 10% during the cardiac cycle. 2 ,lo The location of aortic diameter measurement and the technique of measurement are also important; many investigators have measured the aortic root diameter with A-mode or M-mode echocardiography and demonstrated a good correlation of doppler-derived cardiac output with invasive techniques. I , 3.6,8 The aortic root area with valve motion is the only area that can be consistently identified in the aorta with A and M-mode echocardiography. Using 2D echo cardiography , the left ventricular outflow tract, aortic annulus (orifice) and aortic root can be identified. The annulus diameter does not change during systole 2 ,7,11 and when used in doppler techniques agrees more closely with invasive techniques than the aortic root diameter. 2 ,7 Although measurement of aortic diameter by a leading edge technique (outer edge of anterior wall to inner edge of posterior wall) is recommended by the American Society of Echocardiographyl2 for the purposes of uniformity among echocardiographers, this does not seem appropriate for measurement of flow within the vessel where the internal diameter would be preferred. The leading edge technique yields a diameter 1-2 mm greater than the internal diameter measurement but nonetheless has agreed well with an invasive technique. 2 Ideally, the location of velocity measurement should be the same as that for aortic cross-sectional area; the use of pulsed doppler rather than continuous wave doppler is preferred for this reason. Continuous wave doppler measures velocity along the entire beam path and may include an area with a parabolic velocity profile, which may give a misleading mean spatial velocity. Moreover, vessels other than the aorta such as the pulmonary artery or innominate artery may be insonated. Despite this, good agreement with invasive technique has been reported using continuous wave doppler. I ,3.s,7 Pulsed doppler allows insonation of flow velocity by range-gating at a specific location, ideally at the aortic root or orifice. The best agreements with invasive techniques are reported in studies which use pulsed doppler. 2, 6 The validation of a new technique may be by comparison against a 'gold standard'. Studies which have sought to validate doppler techniques in adults l . s have utilised continuous wave compared to thermodilution with linear regression analysis and productmoment correlation coefficient calculation. In addition to the problems with the continuous wave technique as outlined above, thermodilution may not be considered as a 'gold standard' and care must be taken to minimise errors. 13 Significant over-estimation of cardiac output in paediatric patients may occur due to heat gained by the cold indicator during its passage through the catheter. 14 We have preferred to use indicator dye dilution as the standard technique for a comparative study.
Linear regression analysis has been employed as the statistical method in all validation studies. I . 8 All report high correlation coefficients (r = 0.90-0.98) and on this basis, some conclude that dopplerderived cardiac output may be substituted for an invasive technique. However, high correlation coefficients show only that two measurements are related. It would be surprising if two methods designed to measure the same quantity were not related. 9 In order to substitute one method of measurement for another, it should be demonstrated that the differences between measurements are unlikely to be clinically significant: this is best done by calculating the mean difference between the paired measurements, and the standard deviation of the differences. 9 For comparison with other studies, we performed linear regression analysis on our data, and found a high correlation coefficient (r = 0.97), but we have also analysed the differences between our two techniques. The mean difference in cardiac output as measured by the two techniques (dye dilution minus doppler) of -0.0411min was small, with 95% confidence limits of -0.33 to 0.2511min. The 95% confidence limits for the difference represent only -16% to + 12% of the mean cardiac output for the 18 children of 2.06 lImin. The difference between the two techniques is not clinically important, and it is thus sensible to use the noninvasive pulsed doppler technique instead of the invasive dye dilution technique.
The technique of doppler cardiac output from the suprasternal notch is easily taught to operators with no previous training in echocardiography.1.7 Most new measurements can be completed within 5-10 minutes. The aortic diameter need only be measured once, so that subsequent doppler measurements may be completed more rapidly. The technique of pulsed doppler directed to the aortic root from the suprasternal notch is a reliable, noninvasive technique which enables the repeated real-time measurement of cardiac output in paediatric patients.
